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Transcription factories are
nuclear subcompartments that
remain in the absence
of transcription
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Nascent transcription occurs at nuclear foci of concen-
trated, hyperphosphorylated RNA polymerase II
(RNAPII). We investigate RNAPII localization, distal
gene coassociation, and Hbb locus conformation during
inhibition of transcription. Our results show distal ac-
tive genes remain associated with RNAPII foci and each
other in the absence of elongation. When initiation is
inhibited, active genes dissociate from RNAPII foci and
each other, suggesting initiation is necessary to tether
distal active genes to shared foci. In the absence of tran-
scription RNAPII foci remain, indicating they are not
simple accumulations of RNAPII on transcribed genes
but exist as independent nuclear subcompartments.
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Transcription is a fundamental, life-essential process,
yet we lack a clear picture of how and where it occurs in
vivo. Textbooks tell us that RNA polymerase II (RNAPII)
is recruited to the promoters of genes when they become
active, suggesting that transcription sites form de novo
on individual genes. However, nascent transcription in
the nucleus occurs within a limited number of discrete
foci containing high concentrations of active RNAPII,
termed transcription factories (Jackson et al. 1993; Wan-
sink et al. 1993). Previously, we showed that the Hbb
genes are often transcribed in the same factory as other
erythroid expressed genes, separated by tens of mega-
bases in cis (Eraf and Uros) or in trans (Hba) (Osborne et
al. 2004). This has been confirmed by recent 4C (chro-
mosome conformation capture-on-chip) studies showing
associations between Hbb and multiple active genes (Si-
monis et al. 2006). Furthermore, several studies have
shown that individual genes often loop out of their chro-
mosomal territory upon activation, suggesting reposi-
tioning commonly occurs with transcriptional activa-
tion (Volpi et al. 2000; Chambeyron and Bickmore 2004;
Wiblin et al. 2005). Indeed, we showed recently that im-
mediate early gene activation occurs via rapid gene re-
positioning to preassembled transcription factories (Os-

borne et al. 2007). Taken together, these data suggest
that genes migrate to pre-existing specialized sites in the
nucleus for transcription.

However, whether transcription factories are simply
aggregates of RNAPII on individual active genes or inde-
pendent structures is still unclear. In this study we as-
sessed RNAPII localization during short-term transcrip-
tion inhibition to investigate these possibilities. DRB
(5,6-Dichlorobenzimidazole 1-�-D-ribofuranoside) spe-
cifically inhibits RNAPII elongation by inhibiting ki-
nases that phosphorylate Ser2 of the C-terminal domain
(CTD) of the large subunit of RNAPII (Fraser et al. 1978;
Marshall and Price 1995; Marshall et al. 1996; Gribnau et
al. 1998). Heat shock at 45°C has been shown to globally
inhibit transcription, disrupting both initiation and elon-
gation (Hieda et al. 2005). In mammalian cells, heat-
shock-induced inhibition of RNAPII occurs specifically
through production of B2 RNAs (transcribed from short
interspersed elements [SINEs] by RNA polymerase III)
that bind to RNAPII preinitiation complexes, preventing
association with promoter DNA (Allen et al. 2004; Espi-
noza et al. 2007). Long treatments with RNAPII tran-
scription inhibitors lead to disruption of nucleolar struc-
ture, chromatin decondenzation, and changes in chro-
mosome territory architecture (Scheer et al. 1984; Davis
et al. 1993; Haaf and Ward 1996), suggesting that ongoing
transcription maintains nuclear substructures (Cook
2002).

Here we used short treatments with DRB or heat
shock to inhibit elongation or initiation, respectively.
Our results indicate that transcription factories are not
simply aggregates of RNAPII assembling on active genes,
but exist as independent subnuclear compartments.

Results and Discussion

Transcription inhibition by DRB and heat-shock
treatments

Pulsed fluorouridine (FUrd) incorporation into nascent
RNA was used to monitor global transcriptional activity
before and after treatment of mouse fetal liver cells that
are 60%–80% erythroid (Fig. 1A). FUrd incorporation in
untreated cells occurs in hundreds of discrete nucleo-
plasmic foci and more intense, globular, nucleolar sig-
nals in agreement with earlier studies on nascent RNA
production. In 99% of the DRB-treated cells the vast ma-
jority of nucleoplasmic foci are no longer apparent, while
the intense, nucleolar signals remain. These results are
consistent with an effective block to RNAPII elongation.
During heat shock, FUrd incorporation was not detected
in 84% of cells, indicating that nascent transcription was
effectively inhibited. A small percentage of heat-shocked
cells showed low-level FUrd incorporation either in
weak nucleolar foci (13%) or weak nucleoplasmic foci
(2.6%). DRB-treated and heat-shocked cells were able to
recover nascent transcription within 15 min at 37°C,
confirming that the transcriptional machinery is not
permanently damaged by the treatments (Supplemental
Fig. 1).

To verify transcriptional inhibition of a specific gene
we monitored the highly expressed Hbb-b1 gene by RNA
FISH (Fig. 1B). Consistent with our earlier work (Gribnau
et al. 1998), the RNAPII elongation inhibitor DRB pro-
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duced a dramatic reduction in the number of Hbb-b1
RNA FISH signals within 10 min (Fig. 1C). Inhibition of
transcription by heat shock also induced a dramatic re-
duction in the number of Hbb-b1 RNA FISH signals
within 10 min, with maximal reduction observed at 30
min (Fig. 1C).

Transcription factories remain in the absence
of transcription

We next compared the subnuclear localization of
RNAPII by immunofluorescence in untreated, DRB-
treated, or heat-shocked cells. We used two different an-
tibodies raised against the initiating form of RNAPII,
phosphorylated on Ser5 of the CTD. In both cases we
observed a punctate localization of RNAPII that was pre-
served under conditions of effective transcription inhibi-
tion (Fig. 2A). Quantification of the average number of
RNAPII foci per optical section revealed no differences
in factory numbers between untreated, DRB-, and heat-
shock-treated cells (P = 0.579) (Fig. 2B). These results
show that transcription inhibition does not disrupt the
focal appearance of the active form of RNAPII or the
number of foci detected, suggesting that transcription
factories are stable in the absence of transcription. Pre-
vious photo-bleaching experiments with GFP-tagged
RNAPII identified at least two populations in the
nucleus (Kimura et al. 2002): a highly mobile fraction
that appeared to be largely inactive, and a relatively im-
mobile fraction engaged in transcription. The immobile

fraction was partially decreased by DRB and further re-
duced by heat-shock treatment, consistent with blocks
to elongation and initiation, respectively (Hieda et al.
2005). The fact that focal localization of RNAPII persists
after heat shock, in combination with the results of
Hieda et al. (2005), suggest that RNAPII in factories may
be more rapidly exchanging with the nucleoplasmic pool
during heat shock.

To support the finding that the active form of RNAPII
was still present in transcription inhibited cells we as-
sessed the soluble and insoluble fractions of RNAPII in
unfixed cells. Previous studies have shown that the ac-
tive, hyperphosphorylated form of RNAPII (RNAPIIO) re-
sists extraction with saponin, whereas the inactive hy-
pophosphorylated form of RNAPII (RNAPIIA) is soluble
(Kimura et al. 1999). We compared the soluble and
saponin-resistant fractions of RNAPII in untreated,
DRB-, and heat-shock-treated fetal liver cells by Western
blot (Fig. 2C). In untreated cells 1% saponin extracts
only the inactive RNAPIIA while RNAPIIO remains in
the saponin-resistant pellet in agreement with previous
results. Similarly, in cells treated with DRB or heat
shock, saponin extracts only RNAPIIA while RNAPIIO
remains in the pellet. Thus, in both cases of transcrip-
tion inhibition a significant portion of RNAPII remains
in the insoluble pellet fraction, supporting our immuno-
fluorescence data showing that Ser5 phosphorylated
RNAPII remains in nuclear foci in the absence of tran-
scription.

Figure 2. Punctate localization of RNAPII is maintained in the
absence of transcription. (A) Immunofluorescence of RNAPII in un-
treated and DRB- and heat-shock-treated fetal liver nuclei (4H8 or
H14 antibody; bar, 4 µm). (B) Average number of foci per optical
section (4H8) in untreated and DRB- and heat-shock-treated nuclei
(n > 45; P = 0.5828; error bars depict SEM). (C) RNAPII was detected
by Western in the saponin supernatant (SS) and pellet (SP) using the
ARNA-3 antibody. Coomassie staining of histones, retained in the
pellet, and globin proteins, extracted by 1% saponin, shows equal
loading.

Figure 1. DRB and heat-shock treatment of fetal liver cells inhibits
transcription. (A) FUrd incorporation into nascent transcripts in un-
treated and DRB- and heat-shock-treated fetal liver cells. (Top panel)
FUrd immunostaining. (Bottom panel) Overlay of FUrd (green) and
DAPI (blue; bar, 4 µm). (B) Hbb-b1 RNA FISH signals (green) in
untreated and DRB- and heat-shock-treated fetal liver nuclei. DAPI
is in blue (bar, 4 µm). (C) Percent transcribed Hbb-b1 alleles at 0, 10,
20, and 30 min (n > 100).
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Others have shown that disruption of �-actin, Nuclear
Myosin I, or Lamin affect transcription, and have sug-
gested that these factors may have a role in linking the
transcriptional machinery to a nuclear scaffold (Pestic-
Dragovich et al. 2000; Spann et al. 2002; Hofmann et al.
2004). Our data showing persistence of Ser5 phosphory-
lated RNAPII foci and a significant saponin-resistant
RNAPIIO fraction in the absence of transcription suggest
two alternate possibilities. Either RNAPIIO remains as-
sociated with genes in the absence of transcription or the
RNAPIIO is associated with nuclear structures as sug-
gested above. To test this we investigated gene associa-
tion with RNAPII foci by DNA immuno-FISH and
RNAPII binding to genes by chromatin immunoprecipi-
tation (ChIP).

Genes partially dissociate from transcription factories
during inhibition of transcription initiation

We showed previously that transcribed alleles are posi-
tioned at RNAPII foci while nontranscribed alleles are
positioned away from RNAPII foci (Osborne et al. 2004,
2007). To determine whether previously active alleles
remain associated with transcription factories during
transcription inhibition we used DNA immuno-FISH to
assess association of Hbb and Eraf with RNAPII foci. In
untreated fetal liver we find 60% of Hbb alleles are as-
sociated with RNAPII foci (Fig. 3A,B), consistent with
the RNA FISH data (Fig. 1C) and the percentage of ery-
throid cells. In DRB-treated cells 62% of Hbb alleles are
associated with RNAPII foci (Fig. 3A,B), indicating the
elongation block does not disrupt genes association with

transcription factories. Conversely, in heat-shock-
treated nuclei (Fig. 3A,B) the majority of Hbb loci are no
longer associated with RNAPII foci. These results show
that initiation inhibition results in a significant disso-
ciation of previously active Hbb alleles from transcrip-
tion factories (P = 0.000033). In the case of Eraf, 43% of
alleles are associated with factories in untreated cells
(Fig. 3A,B), reflecting the lower transcriptional frequency
of the Eraf gene (Osborne et al. 2004). We found no
change in Eraf factory occupancy in DRB-treated nuclei
(Fig. 3A,B). However, under conditions of heat shock we
found a significant dissociation from factories (P = 0.035)
(Fig. 3A,B).

To provide further evidence that many erythroid ex-
pressed genes dissociate from active RNAPII during tran-
scription inhibition we performed ChIP with an anti-
body specific for Ser5 phosphorylated RNAPII (Supple-
mental Fig. 2). The ChIP results show a dramatic
reduction in RNAPII occupancy at erythroid expressed
genes (Hba, Hbb-b1, Slc4a1, Eraf) after heat-shock treat-
ment, confirming that Ser5 phosphorylated RNAPII
largely dissociates from active genes. DRB treatment
also leads to a reduction in RNAPII occupancy, which
was most apparent at the 3� end of Hbb-b1 and Slc4a1,
consistent with an elongation block. Although our re-
sults do not show that all previously expressed genes
dissociate from transcription factories nor a complete
absence of RNAPII on previously active genes, our data
are most consistent with the idea previously proposed by
others that transcription factories are tethered to a
nuclear structure and are not simply aggregates of
RNAPII on active genes.

Transcription initiation is required
for distal gene coassociation

We previously showed that distal transcribed genes often
share the same transcription factory (Osborne et al.
2004). If transcription factories are merely the result of
aggregates of RNAPII on active genes, and the associa-
tion of distal active genes is due to chance colocaliza-
tion, then inhibition of transcription should not affect
long-range gene associations. If, on the other hand, colo-
calization of distal genes is dependent on transcription
because active genes migrate to shared subcompart-
ments, then inhibition of transcription should result in
the dissociation of distal genes. To test these possibili-
ties we used the 3C assay to monitor associations be-
tween distal expressed genes Hbb-b1 and Eraf (25 Mb
apart) as well as Eraf and Uros (5 Mb apart) on chromo-
some 7. The 3C results (Fig. 4A) show that gene coasso-
ciations are unaffected by elongation inhibition, in
agreement with our DNA immuno-FISH data showing
that these genes remain associated with factories. How-
ever, during inhibition of initiation 3C products are no
longer detected, indicating associations between Hbb-b1
and Eraf are disrupted. Similarly, the Eraf and Uros 3C
products are absent during heat shock. These results
show associations between these distal genes are depen-
dent on the process of transcription, and that coassocia-
tion with a shared transcription factory is required.

The Hbb active chromatin hub (ACH) is maintained
in the absence of transcription

The Hbb ACH involves close association between the
active Hbb genes and distal hypersensitive sites (HS) of

Figure 3. Heat-shock but not DRB treatment causes gene dissocia-
tion from RNAPII foci. (A) DNA immuno-FISH, Hbb, or Eraf loci
(red) and RNAPII protein (green, 4H8) in untreated and DRB- and
heat-shock-treated fetal liver nuclei (bar, 4 µm). Inset shows a higher
magnification of each DNA FISH signal. Representative examples of
nuclei showing two alleles colocalizing with RNAPII foci in un-
treated and DRB-treated nuclei or two dissociated alleles in heat-
shock-treated nuclei. (B) Quantification of RNAPII-associated Hbb
or Eraf alleles by DNA immuno-FISH in untreated and DRB- and
heat-shock-treated nuclei (n > 40; [*] P < 0.05; [***] P < 0.001).
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the Hbb locus control region (LCR) (Carter et al. 2002;
Tolhuis et al. 2002). To determine the effects of tran-
scription inhibition on ACH structure we conducted 3C
assays with fetal brain, and untreated, DRB-, and heat-
shock-treated fetal liver cells. In untreated cells we
observed a profile of interactions between the active
Hbb-b1 gene and the LCR that is not observed in the
fetal brain (Fig. 4B), in agreement with previous studies
(Tolhuis et al. 2002; Palstra et al. 2003). When either
BglII or HindIII was used for digestion in the 3C assay,
fetal liver-specific interactions were highest throughout
the LCR. The most dramatic interaction was seen in the
region of HS2 using HindIII, which separates HS2 from
the other HS in the LCR (30- to 50-fold increased ligation
frequency compared to the fetal brain). Strikingly, no
significant changes in cross-linking frequency are ob-
served under both conditions of transcription inhibition
in the BglII profile (P = 0.693). Digestion with HindIII
separates the Hbb-b1 promoter from the 3� end of the
Hbb-b1 gene, while in the case of BglII the entire Hbb-b1
gene lies in a larger restriction fragment. In the HindIII

profile ACH conformation is largely maintained in fetal
liver cells, showing significantly higher cross-linking fre-
quency across the locus when compared with the brain
(P < 0.001). However, a significant disruption in the in-
teractions of Hbb-b1 with HS2 and HS3 of the LCR was
observed in heat-shock treatment compared to both un-
treated (P = 0.014, P = 0.033) and DRB-treated (P = 0.002,
P = 0.004) cells, suggesting there may be increased mo-
bility in this region under conditions of heat-shock in-
hibition of transcription.

Functional studies in knockout mice have shown that
the LCR is required for high level expression of the
linked Hbb genes (Epner et al. 1998; Bender et al. 2000),
with HS2 having the greatest effect on transcription of
the Hbb genes (Fiering et al. 1995). Our data are consis-
tent with the HS2/3 region having a specific role in tran-
scription initiation via close contact with the Hbb-b1
promoter. Promoter–HS2 contacts are disrupted during
initiation inhibition while the overall erythroid-specific
conformation of the ACH is maintained. Collectively,
our data reveal the ACH is largely maintained in the
absence of transcription and when most alleles are dis-
sociated from RNAPII foci, indicating that the ACH is
distinct from transcription factories. Furthermore, un-
like the association of distal genes in transcription fac-
tories, ACH conformation is not dependent on the pro-
cess of transcription, and may poise the locus for tran-
scription factory association (Fraser and Engel 2006;
Ragoczy et al. 2006).

Conclusions

We showed transcription factories are maintained in the
absence of transcription and reduced gene occupancy
(model shown in Fig. 5). Inhibition of initiation causes
gene dissociation from RNAPII foci and multimegabase
associations between active genes are lost. Conversely,
under conditions of elongation inhibition, initiating
genes remain associated with RNAPII foci and maintain
long-range associations with distal genes. These results
show that associations between distal genes are tran-
scription-dependent and require coassociation with a
shared transcription factory. Previous reports have pro-
vided evidence that the transcription machinery may be
associated with a nuclear scaffold structure (Jackson and
Cook 1985; Vincent et al. 1996; Kimura et al. 1999;
Pestic-Dragovich et al. 2000; Spann et al. 2002; Hofmann
et al. 2004; Vreugde et al. 2006). We showed that under
conditions inhibiting both transcription initiation and
elongation RNAPII remains associated with the in-
soluble nuclear fraction, even when highly expressed
genes dissociate from RNAPII foci. These results suggest
that transcription factories are associated with a nuclear
structure rather than being simple aggregations of
RNAPII on active genes. Our data also show that chro-
matin loop structures are distinct from transcription fac-
tories, and suggest that chromatin hub structures are not
nucleation sites for transcription factories. These struc-
tures may form prior to entering a factory, and could
poise genes for association with a factory or stabilize
their presence there (Fraser and Engel 2006; Ragoczy et
al. 2006). It remains to be determined what specific fac-
tors hold transcription factory structures together and
whether gene association with factories occurs via active
recruitment or passive diffusion. In conclusion, our data
show that transcription factories are distinct subnuclear

Figure 4. Heat-shock but not DRB treatment causes dissociation of
distal-clustered genes while Hbb locus conformation is largely
maintained. (A) 3C interactions in fetal brain (1) and untreated (2),
DRB-treated (3), and heat-shock-treated (4) fetal liver cells. 3C con-
trol template (5). (C) 3C interactions across the Hbb locus relative to
Hbb-b1 (black bar). Chromatin digested with BglII or HindIII. Rela-
tive cross-linking frequency determined at each point for the restric-
tion fragments indicated in gray (adjacent fragments in alternating
intensities) normalized to that of the most 3� fragment. A schematic
of the Hbb locus indicates the position of the globin genes (blue
sideways triangles), HS (red bars), and olfactory receptor genes (black
squares). Error bars depict SEM (n = 3).
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compartments, and suggest that gene relocation to fac-
tories is a required step in regulated transcription.

Materials and methods

Tissue collection and transcription inhibition
Fetal liver or brain was obtained from day 14.5 C57BL/6 embryos, dis-
rupted to a single-cell suspension in ice-cold PBS, and suspended in 37°C
DMEM containing 10% FBS at 4 million cells per milliliter. Untreated
fetal liver cells were maintained at 37°C for the same amount of time as
treated cells. Fetal liver cells treated with 50 µg/mL DRB (Sigma-Aldrich)
were maintained for 30 min at 37°C, unless otherwise indicated. Heat-
shocked cells were incubated for 30 min at 45°C, unless otherwise indi-
cated. Cells were fixed immediately after the incubation period by the
appropriate method. All animal experimental procedures were carried
out under a project license granted from the Home Office, UK.

RNA FISH and immunofluorescence
RNA FISH and immunofluorescence were performed as described previ-
ously (Gribnau et al. 2000); for details, see the Supplemental Material.

DNA immuno-FISH
DNA FISH was performed as described previously (Brown et al. 2001).
BAC clones (195-kb RP24-344M21 for Hbb and 170-kb RPCI-23-353J20
for Eraf) were labeled by nick translation either directly with Alexa Fluor
594 or with biotin and detected with Avidin D-Texas Red. RNAPII was
detected after DNA FISH using the 4H8 RNAPII antibody.

Microscopy and image analysis
RNA FISH signals were examined on an Olympus BX41 epifluorescence
microscope and representative images were captured on a CCD camera
(see the Supplemental Material for details).

Saponin extractions and Western blotting
Saponin extraction was carried out as described previously (Kimura et al.
1999); for details, see the Supplemental Material.

3C and quantitative PCR
The 3C assay was carried out essentially as described in Osborne et al.
(2004). See the Supplemental Material for details and modifications.

Statistical analysis
Statistical differences between groups for RNA and DNA FISH data was
determined using a two-tailed Fisher’s exact test. A one-way ANOVA
was applied to log-transformed data to assess differences between groups
in the number of RNAPII foci; no post-test was used as P > 0.05. 3C data
were analyzed by two-way ANOVA. Where appropriate, a contrast test
was applied to assess significant differences at specific genomic locations
in the 3C profile. One- and two-way ANOVA were carried out using SPSS
14.0 (SPSS, Inc.).
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